Introduction
The semi-permeable endothelial barrier lining the inner surface of capillaries and venules controls blood-tissue exchange of fluids, electrolytes, and proteins. The integrity of this barrier is crucial in maintaining circulatory homeostasis and the physiological function of different organs. Endothelial hyperpermeability and resulting microvessel leakage are implicated in the development of a variety of disease processes including complications of trauma, hemorrhagic shock, diabetes mellitus, inflammatory disease, myocardial infarction, thrombosis, and tumorigenesis. Through orchestrated molecular events, fluid and molecules move across the endothelial barrier via a transcellular or paracellular pathway. The transcellular pathway is generally responsible for the transport of plasma proteins (3 nm M r ), such as albumin, by caveolae and vesiculo-vacuolar organelles (VVOs). 1, 2 Small molecules (3 nm M r ), such as glucose, and plasma fluids are transported through the paracellular pathway that also serves as the major mechanism for transendothelial migration of leukocytes and metastatic tumor cells. 2, 3 The paracellular permeability is dependent on interendothelial junction (IEJ) structures that mediate cell-cell adhesions. To date, two types of endothelial junctions associated with permeability have been characterized: adherens junctions and tight junctions. The tight junctions are formed based on homophilic interactions of occludin, claudins, and junction adhesion molecule (JAM) between the adjacent cells, whereas the adherens junction is mainly composed 
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of VE-cadherin. The intracellular domains of these IEJ structures are connected to the actin cytoskeleton via zona occludin-1 (ZO-1) at tight junctions and catenins (α, β, γ, and p120) at adherens junctions. 4, 5 Furthermore, the endothelial lining is tethered to the extracellular matrix through focal adhesions mediated by transmembrane integrins and a family of actin-linking proteins including focal adhesion kinase, talin, paxillin, and vinculin. 6, 7 These cell-cell and cell-matrix adhesion structures counteract the actomyosin contractile tension thereby maintaining the integrity of vascular endothelium. 4, 5 Imbalance between the adhesive force and contractile force results in barrier dysfunction. Pathophysiological conditions, such as inflammation, trigger a series of signaling events in endothelial cells that propagate to the cytoskeleton and promote cell contraction. Many inflammatory mediators also induce phosphorylation and disorganization of junction molecules. The increased centripetal tension and weakened cell-cell adhesion act in concert leading to intercellular gap formation and paracellular hyperpermeability ( Figure 1 ).
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Endothelial contractile machinery
The endothelial cell cytoskeleton is composed of actin filaments (F-actin), intermediate filaments, and microtubules. Among these filamentous structures, actin is best characterized for its role in regulating microvascular barrier function. Under nonstimulated conditions, the actin cytoskeleton maintains a dynamic equilibrium between polymerization of globular-actin (G-actin) at the barbed end and de-polymerization at the pointed end of F-actin. 10 The physiological concentration of G-actin is above the critical concentration (C c , 0.1 µM) and favors actin polymerization. 10, 11 Some actin-binding proteins (ABPs), such as thymosin-β, function to retain this balance by binding to cytosolic free G-actin and preventing it from adding to the barbed end of F-actin. 11 However, upon activation by an extracellular stimulus, intracellular signaling molecules (eg, phospholipase C) can hydrolyze membrane PtdIns(4,5)P2 and release its associated profilin into the cytosol where it promotes actin polymerization by displacing thymosin-β from G-actin and facilitating G-actin ADP/ATP exchange. [11] [12] [13] In addition, the PtdIns(4,5)P2-bound gelsolin and cofilin can be released from plasma membrane following phospholipase C activation [13] [14] [15] and de-polymerize F-actin from the pointed end. Consequently, under the guidance of the Rho family small GTPases (Rac1, Cdc42, and RhoA), the increased G-actins are polymerized to form cortical lattices, protrusive structures (lamellipodia and filapodia), or stress fibers, which serve different biological functions. 16, 17 Formed beneath the plasma membrane, cortical actin lattices not only control cell shape and stability, but also promote the assembly of cell-cell and cell-matrix adhesions.
The contractile machinery of endothelial cells is mainly driven by a mechanochemical interaction between actin and myosin. As the primary force generator, the activity of myosin is controlled by the phosphorylation status of its regulatory light chain (MLC) (Figure 2 ). It is well documented that myosin light chain kinase (MLCK) can directly phosphorylate MLC at Thr-18 and/or Ser-19, resulting in a change in the myosin tertiary structure and its sliding movement against actin. [18] [19] [20] [21] As a counter regulator, myosinassociated protein phosphatase (MLCP) dephosphorylates MLC thereby terminating the contraction. 22 Thus, an optimal control of contraction/relaxation arrives at the MLC phosphorylation level depending on the relative activity of MLCK and MLCP. The Rho family of small GTPases, especially RhoA, acts as a "molecular switch" in this central reaction. 23 In particular, activation of RhoA (changing from an inactive GDP-bound form to active GTP-bound form) and its downstream kinase ROCK can phosphorylate and inactivate MLCP, thereby promoting MLC phosphorylation and actomyosin contraction. [24] [25] [26] Alternatively, ROCK enhances cell contractility directly by phosphorylating MLC 27 or indirectly by activating the Ca 2+ /calmodulin-dependent MLCK, 9, 25, 26 as the Rho GTPases are capable of stimulating Ca 2+ entry into cells. 28 Recent work also suggests that ROCK is required for VE-cadherin phosphorylation-associated endothelial hyperpermeability.
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Endothelial cytoskeletal response and barrier dysfunction
The MLCK-mediated actomyosin contraction has long been considered a determinant of cell morphology, function, and motility. Over the past decade, many laboratories including ours have suggested a crucial role of MLC phosphorylation in the endothelial permeability response to inflammatory factors, such as thrombin, histamine, oxygen radicals, and leukocytes. 20, [30] [31] [32] [33] Using the isolated venule model developed earlier in our laboratory, we have examined the specific effect of MLCK activity on albumin permeability in intact microvessels. 31 The results show that the MLCK inhibitor ML-7 enhances the basal barrier function and significantly attenuates the agonist-induced hyperpermeability in the coronary system. 31 In line with this, inhibition of MLC dephosphorylation with calyculin elevates endothelial permeability. 31 We have further developed a novel endothelial cytoskeleton and permeability Dovepress submit your manuscript | www.dovepress.com Dovepress transfection technique that delivers constitutively active MLCK proteins to the endothelium of intact microvessels as well as to cultured endothelial cell monolayers. 34 The MLCK-transfected endothelial cells demonstrate a higher level of MLC phosphorylation, accompanied by an enhanced permeability to albumin and contractile morphology characterized by a high density of stress fibers and intercellular gap formation. 34 Such structural and functional features are diminished after inhibition of MLCK activity, suggesting a causal role for MLCK activation in mediating endothelial cytoskeleton contraction and barrier dysfunction. The following sections further discuss the mechanisms of cytoskeleton-dependent endothelial hyperpermeability under the particular conditions of inflammatory stimulation and thrombotic injury.
MLCK in burn-induced permeability
Severe trauma and burn typically induce systemic inflammatory response syndrome (SIRS) characterized by microvascular hyperpermeability, tissue edema, hypovolemic shock, and multiple organ dysfunction including acute respiratory distress syndrome (ARDS). [35] [36] [37] We have carried out studies both in vivo and in vitro investigating the endothelial cytoskeleton response and its impact on microvascular permeability in burn-induced inflammation. Exposure of lung microvascular endothelial cell monolayer to plasma harvested from burned animals resulted in approximate 2-fold increase in permeability, a response accompanied by enhanced MLC phosphorylation and stress fiber formation. 38 Pharmacological inhibitors of MLCK (ML-7) and ROCK (Y-27632) blocked the phosphorylation response and restored barrier function without altering the basal permeability. 38 A similar inhibitory effect was observed during molecular manipulation of MLCK activity in cells transfected with MLCK-inhibiting peptides, suggesting that MLCK-mediated MLC phosphorylation is required for the burn plasma-induced lung endothelial hyperpermeability. In vivo studies using intravital microscopy further demonstrate significant plasma leakage in splanchnic microvessels (eg, in the mesentery) following burn; the barrier injury is greatly attenuated in the presence of the MLCK inhibitors. 39 Interestingly, inhibition of signaling molecules that are generally considered upstream of the inflammatory response, such as the tyrosine kinase Src and protein kinase C, exhibit negligible inhibitory effect on burn-induced microvascular leakage. 39 This outcome is consistent with clinical reports regarding limited efficacy of antagonizing individual inflammatory pathways in treating SIRS and multiple organ failure. 
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Figure 1 endothelial paracellular hyperpermeability. endothelial paracellular hyperpermeability occurs as a result of orchestrated signaling events at the inter-endothelial junction. The integrity of inter-endothelial junction is maintained by precisely balanced forces generated between intercellular junction structures and actomyosin-based contractile cytoskeleton. enhanced intracellular signaling, such as Ca 2+ and rhoA/rOCK, can promote actin polymerization, activate myosin light chain kinase (MLCK), and inhibit myosin light chain phosphatase (MLCP), thereby inducing MLC phosphorylation and actomyosin contraction. in parallel, phosphorylation of ve-cadherin and catenins (α, β, γ, and p120) causes dissociation of intercellular junction complex from cytoskeletal anchor. As a result, the significantly increased cytoskeleton contractile force and weakened cell-cell adhesion disrupt the balance at intercellular junction, leading to endothelial hyperpermeability. 
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This is not a surprise considering the wide spectrum of inflammatory mediators ranging from histamine and prostaglandins to leukocyte-derived cytokines that are released during severe trauma. [40] [41] [42] These vasoactive and cytotoxic factors act on the vascular endothelium triggering multiple signaling reactions that crosstalk or interact with each other so inhibition of individual pathway may not be sufficient to block the massive injurious response. On the other hand, developing a therapeutic strategy that specifically targets their common terminal effectors, such as MLCK, may represent a promising direction in burn treatment. Within this context, MLCK has two endothelial isoforms (108 kd and 210 kd) subjected to various transcriptional processes in different tissues. Among them, the high molecular weight MLCK (MLCK-210) has been recognized as the predominant isoform expressed in vascular endothelial cells. Previous studies have shown that MLCK-210 knockout have relatively low susceptibility to septic injury, especially in the lung. 43, 44 Our recent experiments with these mice show that both albumin extravasation and hydraulic conductivity (Lp) caused by burn are significantly lower in MLCK-210 knockouts than the wild type, and the attenuated microvascular leakage is accompanied by substantially improved survival. 45 This result extends our previous work 31, 39 specifying the importance of MLCK-210 in the regulation of microvascular permeability in response to inflammation elicited by thermal injury.
MLC phosphorylation in neutrophilinduced permeability
Endothelial barrier dysfunction is an essential pathophysiological event in the development of cardiovascular disease, such as myocardial infarction, diabetic cardiomyopathy, and atherosclerosis. It has been a common view that endothelial barrier dysfunction is a consequence of leukocyte (eg, neutrophils) activation characterized by adhesion to the endothelium, transmigration, and release of inflammatory mediators. However, the molecular mechanism by which neutrophils cause microvascular hyperpermeability has not been fully understood. We have therefore characterized endothelial cytoskeleton and permeability Dovepress submit your manuscript | www.dovepress.com Dovepress neutrophil-induced signaling in endothelial cells with a focus on the Rho/ROCK-and MLCK-mediated contractile cytoskeleton responses. Perfusion with C5a-activated neutrophils in intact isolated porcine coronary venules induces a time-and concentration-dependent increase in albumin permeability, whereas selective inhibition of MLCK with ML-7 and MLCK-inhibiting peptide abrogates the response. 46 Furthermore, the hyperpermeability effect of neutrophils can be mimicked by dominant expression of activated MLCK via transfection of constitutively active MLCK into the microvascular endothelium. 46 Similar results have been achieved from cultured coronary venular endothelial cells where C5a-activated neutrophils induce MLCK-dependent albumin flux. 46 In an effort to identify the signals upstream from MLC phosphorylation, we tested the potential effects of RhoA and ROCK on the neutrophilinduced microvascular barrier dysfunction. A Rho GTPase pull-down assay indicates that neutrophils trigger timedependent activation of RhoA. Inhibition of ROCK with two structurally distinct pharmacological inhibitors, Y-27632 and HA-1077, substantially attenuates neutrophilinduced albumin flux across endothelial cell monolayers. 47 In addition, transfection of constitutively active ROCK increases albumin permeability in intact venules and reduces transcellular electric resistance (TER) in endothelial cells cultured in an electrical cell substrate impedance-sensing system (ECIS). 48 The barrier disruptive effect of ROCK transfection can be inhibited by either Y-27632 or H-1152 in a concentration-dependent manner. 48 Additional evidence supporting the critical regulatory role of RhoA-ROCK in cytoskeleton-mediated permeability is the finding that hyperpermeability occurs concurrently with an increase in endothelial cell isometric tension. 48 Moreover, Y-27632 attenuates neutrophil-induced TER decrease and hyperpermeability in isolated coronary venules. 48 Further molecular analysis with urea gel electrophoresis demonstrates that neutrophils induce di-phosphorylation of MLC at Thr-18/Ser-19 in a concentration-and time-dependent manner. [46] [47] [48] Consistently, immunocytochemistry show that neutrophil stimulation results in significant contractile stress fiber formation in endothelial cells. [46] [47] [48] Both the neutrophil-induced MLC phosphorylation and stress fiber formation are substantially attenuated during inhibition of ROCK with Y-27632 and HA-1077 and inhibition of MLCK with ML-7, 46 supporting the causal effect of ROCK/MLCK activation and phospho-MLC-mediated cytoskeletal contraction in neutrophil-induced microvascular barrier dysfunction. Collectively, these results suggest that neutrophils activate the ROCK/MLCK signaling in endothelial cells leading to cytoskeleton contraction; this response plays an essential role in neutrophil-induced microvascular hyperpermeability.
rhoA/rOCK in veGF-induced permeability
Vascular endothelial growth factor (VEGF) has been well recognized as a critical regulator in various pathophysiological conditions, such as pathological angiogenesis, diabetic retinopathy, ischemia-reperfusion (I-R) injury, and tumor metastasis. All these processes involve microvascular endothelial hyperpermeability. For example, VEGF is shown to exacerbate pulmonary edema and cerebral hemorrhage in animal models of I-R injury. 49, 50 VEGF and it receptor VEGFR-2 are both also upregulated in diabetic retinopathy that is characterized by angiogenesis and microvascular leakage. 51 Over the past decade, it has been well documented that VEGF can phosphorylate and dissociate IEJ molecules, such as VE-cadherin, thereby promoting endothelial leakage. In addition, we have shown that phospholipase C, PKC, PKG, intracellular Ca 2+ , MAPK kinase (MEK), and nitric oxide are involved in VEGF-induced vascular barrier dysfunction. [52] [53] [54] in vitro studies provide compelling evidence suggesting that VEGF also activates RhoA and ROCK. 55 We have subsequently taken a further step to investigate the possible role of RhoA-stimulated contractile cytoskeleton in VEGF-induced endothelial hyperpermeability. In isolated and perfused coronary venules, VEGF (10 −10 M) triggers a rapid but transient increase in albumin permeability; the response peaks at 5 minutes and disappears after 20 minutes of treatment. 56 This VEGF-induced microvascular hyperpermeability is blocked by the ROCK inhibitor Y-27632 in a dose-dependent manner, with the maximal inhibition seen at 10 −6 M. 56 Upstream from ROCK, the activation of RhoA is confirmed in a Rho-GTP pull down assay of coronary venular endothelial cells, as VEGF activates RhoA within 1 minute and the effect lasts about 15 minutes. 56 Likewise, an in vitro Transwell assay demonstrates that the VEGFinduced albumin transendothelial flux is significantly attenuated in cells pretreated with exoenzyme C3, a bacterial toxin that inactivates RhoA. 56 The same inhibitors also abrogate VEGF-induced MLC phosphorylation and contractile fiber formation in endothelial cells. 56 Taken together, these results demonstrate a critical role for RhoA/ROCK signaling in endothelial contractile response to VEGF.
Given the impact of VEGF on many pathogenic processes, tremendous efforts have been devoted to developing [57] [58] [59] [60] In many others cases, however, no substantial efficacies have been achieved with the anti-VEGF strategy. Alternatively, targeting the end-point effectors of VEGF signaling in the endothelium by inhibiting RhoA/ROCK or contractile cytoskeleton may serve as an effective therapy and thus hold promise for future drug development.
Contractile cytoskeleton and fibrinogen-induced permeability
Fibrinogen is a plasma glycoprotein produced by the liver that plays a crucial role in blood coagulation. The plasma level of fibrinogen is considered a risk factor in the development of cardiovascular diseases, such as myocardium infarction, atherosclerosis, stroke, and peripheral vascular disease. 61, 62 Structurally, the fibrinogen is composed of double polypeptides of α, β, and γ chains forming outer globular D domains and central E domains. [63] [64] [65] Following the processes of coagulation cascade and subsequent fibrinolysis, fibrinogen is converted to cross-linked fibrin and then degraded into proteolytic products, including the D-dimer fragments and C-termini of α, β, and γ chains. Emerging evidence suggests that these fibrin degradation products (FDPs) exert biological impacts on cell proliferation, motility, and barrier function. [66] [67] [68] [69] Of particular importance is the C terminus of fibrinogen γ-chain (γ C), as it contains several reactive regions for fibrin cross-linking and surface receptors binding. Intravital microscopic studies show that administration of γ C at a pathophysiological relevant concentration induces rapid extravasation of plasma albumin and increased hydraulic conductivity in mesenteric microvessels. 70 In cultured microvascular endothelial cells, γ C induces a time-and dose-dependent reduction in TER, 70 indicating impaired IEJ adhesion and barrier integrity. Contractile morphology (stress fibers and intercellular gaps) is observed in the cells within the same time course. 70 Further molecular analyses indicate that the contractile response involves RhoA/ROCK signaling because both RhoA activation and MLC phosphorylation are detected following γC treatment, and inhibition of ROCK activity or knockdown of RhoA expression is able to block γC-induced contractile morphology and barrier dysfunction. 70 Thus, endothelial cytoskeleton contraction and resulting paracellular permeability contribute to barrier dysfunction under conditions associated with the production of FDPs. The significance of this response is not limited to explaining coagulation disorders or thrombotic injury, as many pathological processes such as severe burn, inflammation, and myocardial infarction are generally accompanied by FDPs production from the extracellular matrix by activated matrix metalloproteases and leukocyte-derived proteases. Targeting actomyosin-based contractile cytoskeleton may provide a therapeutic tool for the treatment of cardiovascular disease.
Summary
Microvascular endothelial barrier dysfunction is critical in the development of various diseases. Under physiological conditions, the barrier integrity is maintained based on balanced cell-cell and cell-matrix adhesions against the centripetal tension generated by the contractile cytoskeleton. Many inflammatory mediators or vasoactive agents are capable of inducing or promoting actin-myosin interactions, thereby shifting the balance toward a contractile-dominant conformation that favors intercellular junction opening and paracellular permeability. While our work is focused on the role of MLCK/ROCK in the contractile cytoskeleton-mediated endothelial hyperpermeability in response to inflammation, burn, pathological angiogenesis, and thrombotic injury, we recognize the importance of many other cellular structures and signaling pathways in the regulation of vascular permeability under different physiological and pathological conditions. As examples, the therapeutic potential of the ROCK inhibitor Y-27632 has recently been demonstrated in treating lung injury and ARDS. 71, 72 Another ROCK inhibitor, fasudil, has been evaluated for its impact on cardiovascular protection including an effect in delaying the progress of diabetic retinopathy and nephropathy. 73, 74 Therefore, further studies shall be directed toward a more extensive search for structural elements or signaling molecules that play key roles in the hyperpermeability response. Advanced knowledge in this area may lead to the development of new diagnostic tools or therapeutic targets for improved treatment of vascular disease.
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